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The interaction mechanism of the Σ(1385) photoproduction from proton γp → K+Σ0(1385) is investigated
within a Regge-plus-resonance approach based on the experimental data released by the CLAS Collaboration
recently. The t channel and the u channel are responsible to the behaviors of differential cross sections at forward
and backward angles, respectively. The contributions from nucleon resonances including N∗ and ∆∗, which are
determined by the predicted decay amplitudes in the constituent quark model, are found small, but the F35 state
∆(2000) is essential to reproduce differential cross section.
PACS numbers: 13.60.Rj,14.20.Gk, 12.40.Nn
I. INTRODUCTION
The study of nucleon resonances is an important topic of
hadron physics. The information about nucleon resonance is
mainly extracted from the pion-nucleon scattering especially
in the early stage of the study of nucleon resonance [1]. Based
on a large number of nucleon resonances found in the experi-
ment, the constituent quark model (CQM) was developed and
achieved great success in the explanation about the property
of nucleon resonance [2, 3]. However, the predicted nucleon
resonances in the CQM are much more than the ones found
in the experiment, which is the so-called “missing resonance”
problem. One explanation about this problem is that the decay
ratio of “missing resonance” is very small in the usual exper-
imental detected channels, such as the pion-nucleon channel.
Hence, the channels more than the pion-nucleon channel, such
as ηN and strange channels, attract much attentions.
A mount of experimental data of the kaon photoproduction
companied by a ground strange baryon Λ or Σ have been ac-
cumulated in the recent years [4]. However, the study about
the kaon photoproduction with a strange baryon resonance
is scarce. Very recently, the CLAS Collaboration released
their experimental data about the kaon photoproduction with
Σ(1385),Λ(1520) and Λ(1405) with high precision [5], which
provide an opportunity to study nucleon resonances in these
channels.
The strong decays of nucleon resonances to Σ(1385),
Λ(1520) orΛ(1405) with kaon meson have been studied in the
CQM [6]. Combined with the theoretical prediction about the
radiative decay [7], one can make a rough estimation which
nucleon resonances play important roles in a certain photo-
production process. For example, the large decay widths to
Nγ and KΛ(1520) suggest that N(2120) should be easy to be
found in the kaon photoproduction with Λ(1520), which has
been confirmed by many theoretical analysis of the Λ(1520)
photoproduction data [8, 9]. The CQM prediction suggests a
large decay ratio of the D13 state N(2095) and the F35 state
∗Electronic address: junhe@impcas.ac.cn
∆(2000) in Σ(1385)K decay channel[6]. Hence it is interest-
ing to study the roles played by such states in the Σ(1385)
photoproduction.
There only exist some old experimental data about the
Σ(1385) photoproduction with low precision, which were ob-
tained before last seventies [10, 11]. The LEPS Collaboration
also released some results in this channel but only at extreme
forward angles [12]. Correspondingly, the theoretical stud-
ies are also scarce. In Ref. [13] the Σ(1385) photoproduction
has been studied in an effective Lagrangian approach based
on the preliminary data from CLAS Collaboration. However,
due to the absence of the constraint of the precise data large
discrepancies at low energies between the experimental data
and the theoretical predictions can be found in the differential
cross section released by the CLAS Collaboration [5]. In this
work, we will analyze the new CLAS data within a Regge-
plus-resonance approach and investigate the roles played by
nucleon resonances.
This paper is organized as follows. After introduction, we
will present the effective Lagrangian used in this work and
Reggeized treatment for t channel. The gauge invariance will
be also discussed in this section. The numerical results for
the cross section will be given and compared with the experi-
mental data in Section III. Finally, the paper ends with a brief
summary.
II. FORMALISM
The four types of interaction mechanism, the s channel, the
u channel, the t channel and the contact term for the Λ(1520)
photoproduction from nucleon with K are presented in Fig. 1.
The Born terms contain the N, Y, K intermediate states and
the contact term.
For the Born s channel, t channel and contact term, the La-
grangians involved are given as below,
LγKK = ieAµ
(
K−∂µK+ − ∂µK−K+) , (1)
LKNΣ∗ = fKNΣ∗
mK
∂µKΣ
∗µ · τN + H.c., (2)
LγNN = −e ¯N
(
eNγ
µ − κN
2MN
σµν∂ν
)
AµN, (3)
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N (p1)
K(k2)
Σ∗(p2)
N,R
γ(k1)
N (p1)
K(k2)
Σ∗(p2)
s channel u channel
γ(k1)
N (p1)
K(k2)
Σ∗(p2)
K,K∗
γ(k1)
N (p1)
K(k2)
Σ∗(p2)
t channel contact term
FIG. 1: (Color online) The diagrams for the s, u and t channels and
contact term for γp → K+Σ0(1385).
LγKNΣ∗ = −ie fKNΣ∗
mK
AµK−
(
¯Σ
∗0
µ p +
√
2 ¯Σ∗+µ n
)
+ H.c., (4)
where Aµ, N, K, Σ∗µ are the photon, nucleon, kaon and
Σ
∗(1385) fields and the charge of nucleon eN = 1, 0 for pro-
ton and neutron in the unit of e =
√
4πα with α being the
fine-structure constant . The anomalous magnetic moment
κN = 1.79 for proton. mK and MN are the masses of kaon
and nucleon. The coupling constant for KNΣ∗ vertex can be
related to the πN∆ coupling by the SU(3) flavor symmetry re-
lation, and the value fKNΣ∗ = −3.22 can be obtained [13, 14].
The t channel for the Σ(1385) photoproduction occurs
through both K and K∗ exchanges. As shown in Ref. [13],
the contribution from the K∗ exchange is negligible at ener-
gies Eγ = 3 ∼ 4 GeV with the reasonable coupling constant.
Hence only K exchange will be considered in this work.
The u channel diagram shown in Fig. 1 contains interme-
diate hyperons. The effective Lagrangians for these diagrams
are
LΣ∗Yγ = − ie f12MY Yγνγ5F
µν
Σ
∗
µ −
e f2
(2MY)2 ∂νYγ5F
µν
Σ
∗
µ + H.c.,
LKNY =
gKNY
MN + MY
Nγµγ5Y∂µK + H.c., (5)
where Fµν = ∂µAν−∂νAµ and Y stands for a hyperon with spin-
1/2 carrying a mass MY . For the intermediate Λ(1116) state,
f1 = 4.52 and f2 = 5.63 [13]. The coupling constant gKNΛ
can be determined by flavor SU(3) symmetry relation, which
gives value gKNΛ = −13.24 [13]. The Σ exchange is negligible
due to to the small coupling constant determined from SU(3)
symmetries [13]. Besides, the effect of higher resonances can
be included through Reggeized treatment. Due to the large un-
certainty at backward angles of the CLAS experimental data
and much larger masses ofΛ andΣ baryons compared with the
mass of K in the t channel we do not consider the Reggeized
treatment in the u channel in this work as Ref. [15].
The amplitude for the u channel is gauge invariant itself
while the amplitudes for the Born s channel, t channel and
contact term are not gauge invariant. After summing up the
amplitudes from the s channel, the t channel and the con-
tact term of the Σ(1385) photoproduction, the gauge invari-
ance can be guaranteed as the π and Λ(1520) photoproduc-
tions [16, 17]. The effect of the hadron internal structure can
be reflected by the form factor added at each vertex. Un-
fortunately, it will violate the gauge invariance. To restore
the gauge invariance, a generalized contact term is introduced
as [18]
Mµνc =
ie fKNΣ∗
mK
gµνFt + kµ2(2k2 − k1)ν (Ft − 1)[1 − h(1 − Fs)]t − m2K
+ kµ2(2p1 − k1)ν
(Fs − 1)[1 − h(1 − Ft)]
s − M2N
 , (6)
where the h is a free parameter and will be fitted and Fi with
i = s, t is the form factor.
In this work, for the Born s channel and the u channel we
choose the form factor in the from,
Fi(q2) =
 nΛ
4
i
nΛ4i + (q2 − M2)2

n
, (7)
which goes to Gaussian form as n → ∞ and for t channel K
exchange,
Fi(q2) =
Λ
2
i − M2
Λ
2
i − q2
, (8)
where M and q are the mass and momentum of the off-shell
intermediate particle. The cutoffΛi for s, u or t channel should
be about 1 GeV and will be set as free parameter in this work.
We introduce K Reggeized treatment as following to de-
scribe the behavior of differential cross section of the Σ(1385)
photoproduction at high photon energies [15, 19, 20],
1
t − m2K
→ DK =
(
s
sscale
)αK πα′K
Γ(1 + αK) sin(παK) , (9)
where α′K is the slope of the trajectory and the scale fac-
tor sscale is fixed at 1 GeV2. αK is the linear trajectory of
the K meson, which is a function of t assigned as follows,
αK = 0.70 GeV−2(t − m2K). The K∗ Reggeized treatment is
analogous. There is no reason a priori that the coupling con-
stants for Reggeized treatment f RegKNΣ∗ and f RegK∗NΣ∗ are same as
those for the real K and K∗ exchange [21]. The same obser-
vation applies to the Reggeized K* coupling. In this work we
set them as free parameters. We expect the difference should
not be very large, so the K∗ exchange is still very small and
omitted in this work as Ref. [13].
The Reggeized treatment should work completely at high
photon energies and interpolate smoothly to low energies. It
is implemented by Toki et al. [22] and Nam and Kao [17]
by introducing a weighting function R. Here we adopt the
treatment as,
Ft
t − m2K
→ Ft
t − m2K
R = DKR + Ft
t − m2K
(1 − R), (10)
where R = RsRt with
Rs =
1
2
[
1 + tanh
(
s − sReg
s0
)]
,
Rt = 1 − 12
[
1 + tanh
( |t| − tReg
t0
)]
. (11)
3The free parameters sReg, s0, tReg and t0 will be fitted with the
differential cross section.
As inclusion of the from factor Fi, the Reggeized treat-
ment will violate the gauge invariance and current conserva-
tion also. To restore the current conservation, we redefine the
relevant amplitudes ,
iMµν = iMµνt + iMµνs + iMµνc → (iMµνt + iMµνs + iMµνc )R
≡ iMRegge µνt + (iMµνs + iMµνc )R. (12)
With such definition, the relation kµ1Mµν = 0 is satisfied.
For the nucleon resonance contributions, we adopt the La-
grangians for the radiative decay,
LγNR( 12 ±) =
e f2
2MN
¯NΓ(∓)σµνFµνR + H.c.,
LγNR(J±) =
−in f1
(2MN)n
¯N γν∂µ2 · · · ∂µn Fµ1νΓ±(−1)
n+1
Rµ1µ2···µn
+
−in+1 f2
(2MN)n+1 ∂ν
¯N ∂µ2 · · · ∂µn Fµ1νΓ±(−1)
n+1
Rµ1µ2···µn
+ H.c., (13)
where Fµν = ∂µAν − ∂νAµ with Rµ1···µn is the field for the nu-
cleon resonance with spin J = n + 1/2, and Γ(±) = (iγ5, 1) for
the different resonance parity. The Lagrangians here are also
adopted from the previous works on nucleon resonances with
spins 3/2 or 5/2 [8, 13, 17].
The Lagrangians for the strong decay can be written as
LR( 12 ±)KΣ∗ =
h2
2mK
∂µK ¯Σ∗µΓ
(±)R,+h.c.,
LR(J±)KΣ∗ = −i
n+1h1
mnK
¯Σ
∗
µ1
γν∂ν∂µ2 · · · ∂µn KΓ±(−1)
n
Rµ1µ2···µn
+
−inh2
mn+1K
¯Σ
∗
α ∂α∂µ1∂µ2 · · ·∂µn KΓ±(−1)
n
Rβµ1µ2···µn
+ H.c.. (14)
In this work the coupling constants f1, f2, h1 and h2 will be
determined by the helicity amplitudes A1/2 and A3/2 and the
decay amplitudes G(ℓ1) and G(ℓ2), which are obtained in the
CQM. The interested reader is referred to Refs. [9, 13] for
further information.
In this work the nucleon resonances R including N∗ and
∆
∗ will be considered. The resonance field R carries either
isospin-1/2 or isospin-3/2. By omitting the space-time in-
dices, the isospin structure of RKΣ∗ vertex reads as,
RΣ∗ · τK = pΣ0K+ − nΣ0K0 +
√
2nΣ−K+ +
√
2pΣ+K0, (15)
for resonance R with isospin-1/2. If the resonance R carries
isospin-3/2, the effective Lagrangian has the isospin structure
as
RΣ∗ · TK =
√
3∆++Σ+K+ −
√
2∆+Σ0K+ − ∆0Σ−K+
−
√
2∆0Σ0K0 + ∆+Σ+K0 −
√
3∆−Σ−K0. (16)
III. RESULTS
As shown in the previous section, we consider the s chan-
nel with intermediate nucleon, the Reggeized t channel with
K exchange, the u channel with intermediate Λ, the contact
term and the nucleon resonance intermediate s channel in the
Σ(1385) photoproduction. By using the MINUIT code the dif-
ferential cross section released by the CLAS Collaboration re-
cently will be fitted with the help of the Lagrangians presented
in the previous section. The free parameters involved and their
fitted values are listed in Table I. Here we exclude total cross
section in the fitting procedure because it can be obtained by
integrating the differential cross section.
TABLE I: The free parameters used in fittting. The cut-offs Λi are
in the units of GeV, the parameters sReg, s0, tReg and t0 for Reggeized
treatment are in the units of GeV2.
Λs 0.77 ± 0.03 Λt 1.48 ± 0.04 Λu 0.98 ± 0.01
ΛR 1.19 ± 0.03 h 1.66 ± 0.07
√
sReg 2.10 ± 0.01 s0 0.29 ± 0.27 √tReg 4.95 ± 3.62
t0 0.88 ± 0.48 f RegKNΣ∗ −4.74 ± 0.02
As expected, the fitted values of cutoffs Λi for the s chan-
nel, the t channel, the u channel and the nucleon resonance
contributions are close to 1 GeV. The sReg is about 2.1 GeV,
which indicte the Reggeized treatment play an important role
even at the energies not so high as the K photoprodcution with
Λ baryon in Ref. [15]. The coupling constant gRegKNΣ∗ for the
Reggeized t channel is about half larger than the values ob-
tained by SU(3) symmetry, which is consistent with our ex-
pectation. As will be presented, the experimental CLAS data
are well reproduced with χ2 = 0.8 per degree of freedom. If
the systematic uncertainties are excluded, the best fitted χ2 per
degree of freedom is 2.5. The results of the cross section are
similar to those with systematic uncertainty.
A. Contributions from nucleon resonances
First, we will present the contributions from nucleon res-
onances. As predicted in the CQM, for the Σ(1385)K chan-
nel the decay widthsof nucleon resonances, such as N(2095)
and ∆(2000), are large and expected to play more important
roles than other nucleon resonances [6, 7]. In this work we
use following criterion to select the resonances which will be
considered in the fitting,
λ = (A21/2 + A23/2)(G(ℓ1)2 +G(ℓ2)2)I2 · 105 > λ0, (17)
where helicity amplitudes A1/2,3/2 and partial wave decay am-
plitudes G(ℓ) are in the units of 10−3/√GeV and √MeV. A
factor 105 is introduced to make the largest value of λ in the
order of 100. The isospin factor I = 1 for N∗ and
√
2 for ∆∗.
First we choose several nucleon resonances in descending or-
der of λ. If the contributions and influences of the nucleon
4TABLE II: The nucleon resonances considered. The mass mR, helicity amplitudes A1/2,3/2 and partial wave decay amplitudes G(ℓ) are in the
unit of MeV, 10−3/
√
GeV and
√
MeV, respectively. The explanation about λ, δχ2 and δχ2r can be found in text. In the full model χ2 = 0.8 [2.5]
per degree of freedom. The values in bracket are obtained after excluding the systematic uncertainties.
State PDG Ap1/2 A
p
3/2 G(ℓ1) G(ℓ2) λ δχ2 δχ2r
[N 32
−]3(1960) N(2120)D13 ∗ ∗ 36 −43 1.3+0.4−0.4 1.4+1.3−1.3 1.1 0.2 [0.8] 0.1 [0.4]
[N 32
−]4(2055) 16 0 −2.5+1.0−1.0 −2.5 +2.3−1.9 0.3 0.0 [0.0] 0.0 [0.0]
[N 32
−]5(2095) −9 −14 7.7+1.2−1.2 −0.8 +0.7−1.0 1.7 0.4 [3.3] 0.1 [0.1]
[N 32
+]3(1910) −21 −27 −1.9+1.9−7.3 0.0 +0.0−0.4 0.4 0.0 [0.5] 0.0 [0.1]
[N 32
+]5(2030) −9 15 2.2 +1.0−1.9 −0.2+0.1−0.3 0.2 0.0 [0.0] 0.0 [0.0]
[N 52
+]2(1980) −11 −6 −3.6+2.5−3.0 −0.1+0.1−0.3 0.2 0.2 [0.5] 0.1 [0.3]
[∆ 32
−]2(2080) ∆(1940)D33 ∗ ∗ −20 −6 −4.1+4.0−1.5 −0.5+0.5−2.2 1.5 0.1 [1.1] 0.0 [0.0]
[∆ 32
−]3(2145) 0 10 5.2 ± 0.4 −1.9+1.2−4.0 0.6 0.2 [1.0] 0.0 [0.0]
[∆ 52
+]2(1990) ∆(2000)F35 ∗ ∗ −10 −28 4.0 +4.5−4.0 −0.1+0.1−0.4 2.8 1.5 [14.7] 0.7 [4.5]
resonances with small λ is negligible, we stop here. If not,
more resonances would be added. According to such criterion
nine resonances survived with λ0 = 0.1 are listed in Table. II.
For the masses of the nucleon resonances, the values sug-
gested in the Particle Data Group (PDG) [23] are adopted and
for the nucleon resonances not listed in PDG, the prediction
by the CQM will be adopted [6, 7]. To prevent the prolif-
eration of the free parameters, the Breit-Wigner widths for
all nucleon resonances are set to 500 MeV, which is consis-
tent to the widths for the ∆(2000) and ∆(1940) obtained in
the multichannel partial-wave analysis [24, 25]. As shown in
Table I, the fitted value of cutoff for the nucleon resonances
ΛR = 1.19 GeV with Gaussian from factor, that is, the form
of from factor in Eq. (7) with n → ∞.
In Fig. 2, we present the total cross section of each nucleon
resonance listed in Table II to give an image of the mag-
nitude of the corresponding nucleon resonance. Generally,
the contributions from the nucleon resonances are smaller in
the Σ(1385) photoproduction compared with the contributions
of nucleon resonances in the Λ(1520) photoproduction [9].
The largest contribution is from ∆(2000) which have largest
λ about 3. The three nucleon resonances listed in the PDG,
N(2120), ∆(1940) and ∆(2000) have relatively large contribu-
tions among all nucleon resonances considered. The N(2095)
with largest decay width in the Σ(1385)K channel has much
smaller contribution than ∆(2000) due to its relative small ra-
diatively decay width.
In Table II, we list δχ2 and δχ2r , which are the variations
of the χ2 after turning off the corresponding resonance with-
out and with refitting, respectively. It reflects the influence
of the corresponding resonance on the reproduction of the ex-
perimental differential cross section. Generally, the variation
of the χ2 is consistent with the value of λ. The resonances
with λ > 1, N(2120), N(2095) and ∆(2000), give δχ2r about or
larger than 0.1 [0.7]. The ∆(2000) not only provides largest
contribution to total cross section as shown in Fig. 2, but also
has largest influence on the χ2 with δχ2r = 0.7 [4.5] after
refitting. The influences of other resonances including the
 0
 0.01
 0.02
 0.03
 0.04
 0.05
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FIG. 2: (Color online) Total cross section σ for corresponding nu-
cleon resonance as a function of the photon energy W in center of
mass frame.
N(2095) are much smaller than ∆(2000). The λ of N(2095)
is large, about 1.7, while the δχ2r after refitting is about 0.1
which is much smaller than ∆(2000). It is due to the compen-
sation effect from other resonances and (even) the Born terms
in refitting. After a nucleon resonance turned off, the variation
of the parameters after refitting will lead to the variation of the
contributions from other resonances even the Born terms. The
absence of the N(2095) is smeared by such variation.
B. The Contact term and the Reggeized treatment
In this section we will present more explicit information
about the contact term and Reggeized treatment. As shown
in Fig. 3, the first term of the contact term in Eq. (6), which
comes from the Lagrangians given by Eq. (4), play most dom-
inant role at energies upto about 3 GeV. For t channel, the K
510−3
10−2
10−1
100
 1.5  2  2.5  3  3.5  4
σ
 
(µb
)
Eγ (GeV)
Contact term
1st term in contact term
Last two terms in contact term
t channel contribution
Regge contribution
K exchange contribution
FIG. 3: (Color online) Total cross section σ as a function of the
photon energy Eγ for contact term and Reggeized treatment.
exchange is dominant in low energies while the Regge contri-
bution becomes dominant at energies higher than 2.5 GeV as
we expected.
C. Differential cross section
With the nucleon resonance contributions and the Born
terms given in the previous subsections, the results of differen-
tial cross section for the Σ(1385) photoproduction from proton
compared with the CLAS data are shown in Fig. 4. As shown
in the figure, the experimental data are well reproduced in our
model. The contributions from the u channel and the contact
term are dominant and is responsible for the behaviors of the
differential cross section at backward and forward angles, re-
spectively. The t channel contribution is smaller but give con-
siderable contribution at forward angles. The Born s channel
contribution is very small.
Compared with the plausible results at forwards angles, the
results at backward angles are not so satisfactory. We have
tried to introduce the Reggeized treatment u channel contri-
bution. But as mentioned in Section II, the large uncertainty
at backward angles make it difficult to give an meaningful de-
termination of extra five parameters required by Reggeized
treatment. Hence, we keep the Λ intermediate u channel in
this work. The further experimental data at extreme backward
with high precision will be helpful to deepen the understand-
ing about the interaction mechanism in the u channel.
D. Total cross section
We also present the theoretical results of total cross section
compared with the CLAS data in Fig. 5. One can find that our
result is well comparable with the CLAS data. At all energies,
the contact term provides most important contribution, and the
Reggeized t channel contribution is large near threshold and
decreases rapidly at higher energies. The u channel contribu-
tion becomes important at higher energies. The contributions
10−2
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FIG. 4: (Color online) The differential cross section dσ/d cos θ
for the Σ(1385) photoproduction from proton as a function of cos θ.
The full (black), dashed (red), dash-dotted (brown), dotted (blue) and
dash-dot-dotted (green) lines are for the full model, the contact term,
the u channel, the t channel and ∆(2000), respectively. The data are
from [5].
10−2
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Eγ (GeV)
Full
contact
Born s channel
t cahnnel
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∆((2000)
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FIG. 5: (Color online) Total cross section σ as a function of the
photon energy Eγ . The data are from Ref. [5].
from the nucleon resonances are small. But as shown in Ta-
ble II, it is essential to reproduce the differential cross section.
The ∆(2000) has magnitude comparable to the t channel and
the u channel at Eγ about 2.1 GeV.
IV. SUMMARY
The Σ(1385) photoproduction in the γp → K+Σ0(1385)
reaction is investigated within a Regge-plus-resonance ap-
proach. The contact term is dominant in the interaction mech-
6anism and Reggeized t channel is important at energies near
threshold at forward angles. The u channel is responsible for
the behavior of differential cross section at backward angles.
The contributions of nucleon resonances are determined by
the radiative and strong decay amplitudes predicted from the
CQM. The results show that the contributions from nucleon
resonances are small compared with the contact term, u and
t channel contributions but essential to reproduce the exper-
imental data. The D13 state N(2095) which is expected to
be important in Σ(1385) photoproduction have much smaller
contribution for total cross section and smaller influence on
the reproduction of differential cross section than F35 state
∆(2000). The resonance ∆(2000) is the most important nu-
cleon resonance in Σ(1385) photoproduction as suggested by
CQM [6, 7], which is also consistent with the results in
Ref. [13].
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